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Analysis of the Variability in the Raindrop Size
Distribution and Its Effect on Attenuation
at 20–40 GHz
Adrian Justin Townsend, Robert J. Watson, Member, IEEE, and Duncan David Hodges
Abstract—A key problem in determining the level of attenuation
from the rainfall rate is the considerable variability in the rain-
drop size distribution. This letter investigates the effects of the vari-
ability of the raindrop size distribution (DSD) on the estimation of
specific attenuation. Disdrometer data from three sites in the U.K.
were analyzed to derive the three parameters (  , , and ) of
the normalized gamma distribution. The statistics of the parame-
ters were analyzed as a function of time of year and rainfall inten-
sity. From the raindrop size distribution data, the impact on atten-
uation at 20–40 GHz was investigated. A simple model to quantify
the uncertainty of the raindrop size distribution has been created.
Finally, we have shown qualitatively that differences between mea-
sured and modeled attenuation can partly be explained by uncer-
tainty in the raindrop size distribution. Furthermore, we also show
that although the model for mean attenuation is relatively constant,
the standard deviation is much more variable even for sites in close
proximity.
Index Terms—Attenuation, radio propagation meteorological
factors, rain, satellite communication.
I. INTRODUCTION
C URRENT frequency allocations below Ku-band arebecoming increasingly congested [1]. The problem con-
tinues to grow as the use of satellite communications becomes
more popular. In order to compensate for increase in demand,
satellite operating frequencies have to be raised to deliver larger
channel capacity. However, raising the operating frequency
has the adverse result of intensifying the attenuation effects
of the troposphere [2]. At high frequencies such as V-band,
despite the effects of cloud, rain remains the dominant cause of
attenuation.
To maintain a high-quality satellite service, fade mitigation
techniques can be implemented to compensate for effects such
as rain and cloud [3]. Prediction of signal fade can greatly im-
prove the implementation and effectiveness of fade mitigation
techniques [1]. Therefore, it is important to be able to predict
rain fade accurately.
The aim of this letter is to quantify the uncertainty in the cal-
culation of rain attenuation for a given rainfall rate. The ITU-R
uses a single, on-average fit to represent all raindrop size distri-
butions, while other models such as Leitao–Watson [4] use two
Manuscript received August 21, 2009. First published November 03, 2009;
current version published November 17, 2009. This work was supported by the
EPSRC.
The authors are with the Department of Electrical and Electronic Engineering,
University of Bath, Bath BA2 7AY, U.K. (e-mail: A.J.Townsend@bath.ac.uk;
R.J.Watson@bath.ac.uk; eepddh@bath.ac.uk).
Digital Object Identifier 10.1109/LAWP.2009.2035724
Fig. 1. Map of the U.K. showing disdrometer locations (Bath to Chilbolton
 80 km; Chilbolton to Sparsholt  7.5 km).
rain types representing widespread and convective rain. The at-
tenuation calculation can be improved through a better under-
standing of the variability of the raindrop size distribution and
its effects since rain attenuation is a function of raindrop size
distribution.
II. DISDROMETER DATA ANALYSIS
The raindrop size distribution (DSD) is the number of drops
m mm over different raindrop sizes. This can be used to cal-
culate the rainfall rate and radio wave attenuation.
Two Joss–Waldvogel disdrometers were used to measure
DSDs at Chilbolton, U.K. , and Sparsholt,
U.K. , over five years from 2003–2007.
A third optical disdrometer (Thies Clima Laser Precipitation
Monitor) was used at the University of Bath, Bath, U.K.
, to obtain further two years of data from
2007–2008. The DSD from each disdrometer can be written as
[5]
(1)
where is the number of drops measured in the drop-size
class, is average raindrop diameter of the drop-size class
(mm), is the measurement area of the disdrometer m ,
is the time interval for one measurement (s), is the fall
velocity of the drop ms , and is the bin-width of each
drop-size class. In this letter, we consider the time interval to
be 1 min. This is a compromise between observing the rain dy-
namics versus reducing the uncertainty in the DSD.
An analytical distribution was fitted to all the measured DSDs
in order to define the parameters of the distribution. Various an-
alytical forms have been suggested such as Marshall and Palmer
(exponential) and Ulbrich (gamma-shaped DSD). In this work,
1536-1225/$26.00 © 2009 IEEE
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the normalized gamma distribution is considered, which is de-
fined by three parameters and written as [6]
(2)
where , , and define the normalized gamma distribu-
tion and is the drop size. Following the approach of [5], a nor-
malized gamma distribution was fitted to measured DSDs using
a maximum likelihood method to determine and the method
of moments to calculate and .
The rainfall rate and attenuation were calculated for each
DSD. Rainfall rate ( in mm/h) can be written as
(3)
where is the fall velocity of the drop at diameter . Spe-
cific attenuation ( in dB/km) can be calculated as
(4)
where is the total extinction cross section, calculated using
the T-matrix method [7], with the drop-shape model of Chuang
and Beard [8].
III. RESULTS
To study the variability of the DSD as a function of rainfall
rate and time of the year, the data was partitioned into seasons:
Spring (March, April, May), Summer (June, July, August), Au-
tumn (September, October, November), and Winter (December,
January, February). The data were analyzed to determine any
patterns in the DSD parameters. Histograms of , , and
were determined for rainfall rates between 0 and 30 mm/h in in-
tervals of 1 mm/h.
As an example, Figs. 2–4 show the histograms of the nor-
malized gamma DSD parameters as a function of rainfall rate.
From Fig. 2, it can be seen that generally increases with in-
creasing rainfall rate. The variability of also increases with
rainfall rate. Similar patterns are seen for in all seasons. It
can be seen that no clear pattern is observed for . The pa-
rameter shows significant variation at lower rainfall rates, but
tends toward the value suggested by Marshall–Palmer at higher
rainfall rates (larger than 10 mm/h). The distributions for
and show more variability. Examination of Figs. 2–4 shows
that qualitatively there are two regions delineated at approxi-
mately 10 mm/h. The two regions likely represent the transition
between stratiform and convective rain.
Our analysis has considered frequencies from 20 to 40 GHz.
However, the figures presented in this paper are at 20.7 GHz
because of available beacon data for validation. Fig. 5 shows
the variability in the attenuation rainfall relationship for the five
years worth of data from Chilbolton, U.K.
Since we are interested in the variability in the estimation
of attenuation from rainfall rate, it is instructive to analyze
histograms of attenuation conditioned on rainfall rate interval
Fig. 2. Normalized gamma parameter  probability histograms versus rain-
fall rate during Spring months (Chilbolton).
Fig. 3. Probability histograms of parameter  over rainfall rate during the
Spring (Chilbolton).
Fig. 4. Probability density histograms of parameter  over rainfall rate
during the Spring (Chilbolton).
rather than just scatter plots. As an example, Fig. 6 shows nor-
malized histograms of specific attenuation at 20.7 GHz condi-
tioned on rainfall rates between 5–6 mm/h and 15–16 mm/h for
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Fig. 5. Attenuation versus rainfall rate for all disdrometer data at Chilbolton
 frequency    GHz.
the three sites based on attenuation bin-widths of 0.025 dB/km.
It can be seen that there is general agreement between the
mean values and the shapes of the distributions between sites.
The histograms for other rainfall rates are of similar shape and
can be approximated by a Gaussian distribution. For rainfall
rates between 0 and 30 mm/h, the mean and the variance of
the attenuation histograms were determined. This rainfall rate
range was selected as it is representative of 99.99% of rainfall
for most of the U.K. Furthermore, this interval also ensures
a statistically significant number of data points at the highest
rainfall rates.
A power-law relationship was fitted to the mean and stan-
dard deviation of the data as follows:
(5)
where is the fitted attenuation, and are coefficients deter-
mined by the power-law fit, is the fitted standard deviation,
and and are coefficients determined by the power law fit to
the standard deviation.
Figs. 7 and 8 show the mean and standard deviation, re-
spectively, of the histogram fits as a function of rainfall rate. It
can be seen that there is good agreement between the means,
but the standard deviation shows significantly more scatter (as
illustrated from the differences in the shape of the histograms
in Fig. 6). Although the difference in scatter can be partially
explained by instrument differences at the sites, it does indicate
the possibility of climatic differences affecting the variability of
the DSD even for small separation distances (Chilbolton–Bath
80 km; Sparsholt–Chilbolton 7.5 km). As expected the
means agree well with the ITU-R P.838-2. The fit to the mean
effectively represents a least-squares fit to the data. Similar
analysis was performed at 30 and 40 GHz, again with the mean
showing good agreement with the ITU-R. Table I summarizes
the power-law coefficients for the fits.
To consider the effect of the DSD variability on earth–space
link attenuation, we have compared link attenuation from the
Global Broadcast Satellite (GBS) beacon measurements at
Chilbolton to attenuation estimated from disdrometer rainfall
rate data. The GBS is a geostationary satellite with a beacon at
20.7 GHz. The rain height was estimated 0.36 km above the
Fig. 6. Examples of normalized specific attenuation histograms for rainfall rate
5–6 mm/h (left-hand side) and 15–16 mm/h (right-hand side) at 20.7 GHz for
Bath, Chilbolton, and Sparsholt.
Fig. 7. Mean specific attenuation at 20.7 GHz against rainfall rate for fitted
estimates of attenuation, Chilbolton histogram attenuation, and the ITU-R.
Fig. 8. Fitted attenuation standard deviation versus rainfall rate at 20.7 GHz at
Chilbolton, Sparsholt, and Bath.
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TABLE I
CURVE-FITTED PARAMETERS FOR CALCULATING MEAN SPECIFIC ATTENUATION (     FOR        mm/h) AND STANDARD DEVIATION
(    for        mm/h)
Fig. 9. Chilbolton GBS beacon and estimated satellite signal attenuation at
20.7 GHz versus time, where shaded region shows  .
isotherm determined from surface temperature measurements
close to the link and the disdrometer using a temperature lapse
rate of 6.5 K/km. The ITU-R P.618-8 effective path length
model was used to scale the specific attenuation to yield the
link attenuation.
Fig. 9 shows typical link attenuation measured from the GBS
beacon and the estimated link attenuation based on rainfall rate
determined from the disdrometer on June 22, 2004. Note that
the link attenuation was estimated from rainfall only, ignoring
the raindrop size distribution data available from the disdrom-
eter. The small negative excursions are remnants of the beacon
post-processing required since the GBS satellite is in an inclined
geosynchronous orbit [9]. The shaded region shown
represents standard deviation above and below the mean of
the estimated attenuation. This area shows the uncertainty in at-
tenuation that could be expected due to variability in the DSD
alone. It can be seen that although there is some disagreement
between the GBS beacon and mean attenuation the data is gen-
erally bounded within the shaded region. The occasions where
this is not the case generally correspond to low attenuation and
may be due to the different sampling volumes of the two mea-
surements, variation in the rain height, or incorrect attenuation
baseline determination.
IV. CONCLUSION
Twelve years of drop size distribution data from three sites
has been examined. The normalized gamma distribution param-
eters and show some patterns with rainfall rate and
season. However, the shape parameter is not well correlated
with rainfall rate. The impact of the variability of the drop size
distribution on attenuation is dependent on both season and rain-
fall intensity. Although there are undoubtedly other effects the
differences between measured and estimated slant path-attenu-
ations, these can be potentially explained by variability of the
raindrop size distribution.
Further work will consider how the parameters of the rain-
drop size distribution could be estimated or at least constrained
by other meteorological information, such as temperature, pres-
sure gradients, and wind speed. Such data is available from,
for example, numerical weather prediction models. This ap-
proach could be integrated into propagation prediction schemes
and fade mitigation techniques. In its simplest form, this could
merely be a classifier between stratiform and convective rain.
A more elaborate scheme might attempt to estimate numerical
values of the DSD parameters.
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